To understand the effects of the land use/cover changes due to agricultural development on summer climate in Eastern China, four 12-year simulations using the WRF-SSiB model were performed. We found that agricultural development resulted in warming and rainy effects. In the middle to lower reaches of the Yellow River and the Yangtze River, the warming effects were approximately 0.6 ∘ C and resulted from increased surface net radiation and sensible heat fluxes. In Northeast China, the warming effects were very small due to increases in latent heat fluxes which resulted from the extensive conversion from grassland to cropland. The rainy effect resulted from increases in convective rainfall, which was associated with a warming surface in certain areas of the Yellow River and Yangtze River and a large increase in the surface moisture flux in Northeast China. Conversely, in the middle to lower reaches of the Yellow River and the Yangtze River, the grid-scale rainfall decreased because the climatological northward wind, which is moist and warm, was partially offset by a southward wind anomaly. These findings suggest that the agricultural development left footprints not only on the present climate but also on the historical climate changes before the industrial revolution.
Introduction
Eastern China is affected by the Asian monsoon [1] . In this area, summer is the warmest and wettest season. The heat and rainfall in summer feed agriculture for human welfare. Therefore, the summer climate has crucial implications to the originations and development of agriculture in East China [2] . The agriculture in Eastern China potentially extends back thousands of years [3] . Agricultural development converts land cover from natural vegetation (e.g., forest, grassland, and wetland) to anthropogenic cropland. Such conversions may lead to changes in surface parameters, including albedo, emissivity, and roughness and therefore may have important climatic implications [4, 5] . As a result, as a by-product of agricultural development, the summer climate might be modified. The current summer climate might therefore include a human dimension. Studying the effects of agricultural development would be valuable for understanding "natural" summer climate to improve our predictability of future scenarios.
Many studies attempted to use past history to reveal the effects of human-induced land cover changes (HLCCs) on regional climate [6] . According to the experimental design, these simulation-based studies can be classified into two categories. The first category focused on the climatic effects of the conversion from potential nature land cover to current human-dominated land cover. For example, Fu [7] reported a weakened East Asia Monsoon due to HLCC using two 3-month (June to August) simulations. Gao et al. [8] reported increased precipitation in southern China, reduced precipitation over Northern China, cooling along the Yangtze River, and warming in extreme southern China using two 15-year simulations. The HLCC prescribed in these simulations occurred from the origination of agriculture to the present. Therefore, the climatic effects that were revealed in these simulations were actually the total effects of the last several thousand years.
The second category of simulations used historical land use/cover data, which was reconstructed using historical data, for example, population data, agriculture/tax inventories, and mathematics estimations. These simulations attempted to study climatic effects of HLCC along with agricultural development from one point in time to another. Wang et al. [9] carried out eight one-month (June) simulations using land use for 1700, 1750, 1800, 1850, 1900, 1950, 1970, and 1990 , respectively, from the HYDE dataset [10] . In this study, warming effects corresponding to conversions from forests to grassland and cropland and cooling effects corresponding to the conversion from short grass to cropland were reported. Li et al. [11] carried out five two-year simulations using land use for 1700, 1800, 1900, 1950, and 1990, respectively, from the HYDE dataset [10] . The increased rainfall in the middle and lower reaches of the Yangtze River, Northwest China, and Northeast China and warming effect were simulated [11] . Li et al. [11] also reported that the conversion from natural vegetation to cropland amplified heat differences between the ocean and land, therefore, enhancing the East Asian Summer Monsoon. However, many studies have reported that the HYDE dataset has a low ability to exhibit regional HLCC due to the lack of highly accurate historical cropland area data at regional scales. These shortcomings may result in uncertainties in our understanding of the climatic effects of HLCC [12] .
In this study, we attempted to improve our understanding of the effects of historical HLCC on summer climate in Eastern China. Unlike existing studies, this study used a new anthropogenic land use dataset. This dataset was created using local historical archives and experts' experiences. The new dataset reproduces HLCC that more closely resembles the real history compared to the HYDE dataset [13] . Through comparisons of the simulated climate using natural vegetation and using human-dominant land cover conditions for the middle 17th century, early 19th century, and late 20th century, we studied the potential effects of HLCC in the last 300 years on the summer climate in Eastern China. This paper is organized as follows. Section 2 introduces the model, historical land use dataset and experimental design. In Section 3, we present the simulated climatic effects of historical HLCC. Finally, in Section 4, the conclusions are presented and the associated uncertainties and future research directions are also discussed.
Experimental Design and Method of Data Processing

Model and Experimental
Design. The simulations were performed using the next-generation weather research and forecasting (WRF) V3.4.1 model with the advanced research WRF (ARW) dynamics solver [14] . The simplified version of the simple biosphere model (SSiB) [15, 16] was used to simulation the land processes and radiation, heat fluxes, and moisture fluxes from the surface to the atmosphere. In the coupled model, the atmosphere provides heat, rainfall/snowfall, and wind to the underlying land. The land surface state is updated after absorbing downward radiation and heat fluxes, rainfall/snowfall, and wind (momentum). Then, the land surface reflects shortwave radiation, emits long wave radiation, and provides sensible heat fluxes and latent heat (moisture) fluxes to the atmosphere. Moreover, the canopy height determines the surface roughness length and thus regulates the wind speed.
In the SSiB, there are three soil layers and one canopy layer. In total, there are 12 vegetation types, including anthropogenic crops. The parameters for vegetation were created using a variety of sources. Among them, seasonally varying monthly values of the leaf area index and green leaf fraction are prescribed. The other parameters are invariant with season. The prescription of the crop vegetation type is different from that of other vegetation types. The vegetation cover, leaf area index, green leaf fraction, leaf orientation, and root length are varied according to the growing season, which is a function of latitude and time. The SSiB is able to simulate land process and land-atmosphere in East Asia and has been widely used to simulate regional climate in East Asia [17] [18] [19] .
In total, we performed four 12-year (1980-1991) simulations using individual land use data, respectively. The control experiment (E2000, hereafter) used land use in 2000. Moreover, two simulations (E1661 and E1820) used land use data in 1661 and 1820, respectively. The last simulation (NATU) used natural vegetation. Except for the land use/cover data, the four simulations used exactly the same settings and physical parameterizations schemes. The simulation domain ( Figure 1 ) with a central point of 38
∘ N and 107 ∘ E has a horizontal resolution of 50 km (110 grid cells in the zonal direction and 130 grid cells in the meridional direction) and 28 vertical levels (up to 50 hPa) for the atmosphere. The physical parameterizations used in this study include the community atmospheric model (CAM3) radiative transfer scheme for shortwave and longwave [20] , the Grell-Devenyi ensemble convective parameterization [21] , the Yonsei University counter-gradient boundary layer turbulence transfer scheme [22] , the 5-class mixed phase cloud microphysics scheme [23] , and the SSiB for land surface processes [15, 16] . The simulations were initialized on May 1, 1980, and ended on December 31, 1991. The lateral boundary conditions, sea surface temperature (SST), and sea ice were provided by the NCEP/DOE Reanalysis II dataset (dataset no. ds091.0 from rda.ucar.edu), which has a spatial resolution of 2.5 degrees and a 6-hour time interval.
Approach for Preparing the Land
Use/Cover Data. First, we created a natural vegetation map for the NATU run. Then, we created human-modified land cover maps for 1661, 1820, and 2000, for the E1661, E1820, and E2000 simulations, respectively, using contemporary cropland to replace corresponding natural vegetation. The natural vegetation map was created using the default land use/cover data from the coupled WRF-SSiB model and the potential natural vegetation (PNV) map from Zhang et al. [24] . We filled the cropland cells in the default land use/cover data of WRF- The human cropland data in 1661 and 1820 was given as a cropland area fraction with a cell size of 60 km by 60 km. These data were originally created by collecting local historical cropland records and calibrating these records with governmental ground surveys in the early 20th century [25] . Lin et al. [26] developed a method for distributing the provincial cropland area into geographically explicit 60 km by 60 km grid cells. Lin's method comprehensively considers the effects of population and topography (elevation and slope) on agriculture. Because the original data were based on historical records for croplands and were comparable with the historical population census and agricultural tax, this dataset was shown to be closer to real history than the regional data from the HYDE and SAGE datasets [13] . To use these data in the E1661 and E1820 simulations, we redistributed the cropland area fraction for 60 km by 60 km cells into 50 km by 50 km WRF-SSiB cells using an area-weighted average. WRF-SSiB cells with more than half the grid area containing cropland were treated as cropland cells, while the others remained natural vegetation cells (Figure 1 ). The humanmodified land cover was created for E1661 and E1820 in this way.
The human cropland data for 2000 was also given in cropland area fraction, but for 1 km by 1 km pixels. This dataset was created using Landsat TM digital images and CBERS-1 (China-Brazil Earth Resources Satellite 1) data and local experts' knowledge which was valuable for improving the accuracy [27] . To use this high-resolution data in the E2000 simulation, we aggregated the 1 km by 1 km pixels into the 50 km by 50 km WRF-SSiB cells by calculating the mean cropland area fraction for the WRF-SSiB cells. Similar to the historical scenarios, the cells with more than half the grid area containing cropland were treated as cropland cells, while the others remained natural vegetation cells (Figure 1 ). This created the human-modified land cover for the E2000 simulation.
Method for Analyzing the
Results. This paper focuses on the analysis of surface temperature and precipitation for summer (from June to August). We used the 0.5 degree by 0.5 degree gridded monthly daily-mean temperature dataset [28] and monthly precipitation dataset to evaluate our control simulation. The gridded data were produced using surface meteorological station data with topographic adjustment. The simulated 50 km resolution of temperature and precipitation from E2000 were interpolated to 0.5 degree by 0.5 degree grid cells through area weighting. We calculated the absolute values of grid cell-based differences between climatologic means from observations and a 1981-1991 simulation. Moreover, we calculated the spatial correlation between the simulation and observations as follows:
Here, is the correlation coefficient, and denote observed and simulated climatology means, respectively, and represents the total number of grid cells in the study area. Then, we calculated the differences (E1661, E1820, and E2000 minus NATU, resp.) for each cell to determine spatial pattern of differences. Because the four simulations used exactly the same settings and boundaries except for the underlying land cover, these differences demonstrate the effects of land cover changes. In the analysis, we only used the mean simulation results from 1981 to 1991; the simulations for 1980 were treated as spin-up. Figure 2 shows the observed and E2000 simulated summer mean surface air temperature and summer rainfall from 1981 to 1991. A general agreement is found between the observations and the E2000 simulation, especially in regard to the geographical distribution. The spatial correlation coefficient between the simulation and observations is as high as 0.91. This high correlation suggests that the coupled WRF-SSiB model is capable of reproducing spatial variability of climatological temperatures. The E2000 simulation also exhibits systematic biases. The regionally averaged root mean square error (RMSE) is 1.7 ∘ C. Generally, the E2000 simulation has a warm bias. The largest warm bias (3.6 ∘ C) primarily occurred in Tibet and the Huang-Huai-Hai Plain in North China.
Results
Evaluation of the Control Simulation.
Furthermore, general agreement in regard to the geographical distribution of rainfall was found. The spatial correlation between the simulation and observations is 0.66. This suggests that the coupled WRF-SSiB model is able to capture the general spatial variability of summer rainfall. Large biases could be found as well. Less rainfall in South China characterized the bias. The low bias is approximately 40% of the observations.
Model bias has many sources, including boundary conditions, physical parameterizations, and mathematic expressions used in the dynamical framework. Diagnosing the sources of bias and reducing bias are very complicated and time consuming. In this study, we do not focus on the sources of bias. Instead, we focus on the differences between the simulations. The differences between the simulations might be a little affected by aforementioned bias, because most of the bias might be contained commonly in all of simulations, and therefore these bias might be largely removed through calculating the differences between the two simulations. Figure 3 shows the temperature effects of land cover changes induced by agricultural development. From 1661 to 1820, and to 2000, effects were found along with the increase in cropland. On one hand, the area with warming effect extended spatially. On the other hand, the warming effect was also enhanced. In 1661, the warming effect could only be detected near the Huai River and the maximum warming effect was no higher than 0.8 ∘ C. In 1820, the detectable warming effects spread over the Huai River and the middle to lower reaches of the Yangtze River. The maximum warming effect reached up to approximately 1.2 ∘ C along the Huai River. In 2000, the area with detectable warming effects expanded to the entire middle to lower reaches of the Yangtze River and the northern to middle reaches of the Yellow River. The maximum warming effect moved to the Sichuan Basin and was as high as 1.8 ∘ C. The areas with large warming correspond to land cover conversion from woodland to cropland. Such warming effect induced by the conversion from woodland to cropland was also reported by Wang et al. [9] . The warming effects were small in Northeast China where the conversion from grassland to cropland was dominant, even though tremendous agricultural development occurred in the 20th century. The slight warming shown here was different from the results shown previously that conversion from short grass to crops induced a slight cooling effect [9] .
Effects on Temperature and Precipitation.
At the gridscale, the conversion from deciduous broadleaf forest to cropland was most extensive, accounting for 47% a slight warming of ∼0.35 ∘ C. The conversion from evergreen broadleaf forest to cropland and conversion from mixed broadleaf and needleleaf forest to cropland accounted for 10%-15% of cropland area. The mean warming caused by the conversion from evergreen broadleaf forest to cropland was as high as 0.5 ∘ C. The mean warming caused by the conversion from mixed broadleaf and needleleaf forest to cropland was ∼0.2 ∘ C. The conversion from broadleaf forest with grass to cropland accounted for a little more than 10% of cropland area. This conversion led to negligible changes in the surface air temperature. Figure 4 illustrates the effects of land cover changes on rainfall. Generally, convective rainfall increased while the grid-scale rainfall decreased. With the expansion of cropland area from 1661 to 2000, the areas with enhanced convective rainfall extended spatially. In 2000, the enhanced convective rainfall was found from Northeast China to South China. The largest increase in convective rainfall was as high as ∼ 1.8 mm/day and was found in the lower reach of the Yellow River. The increased convective rainfall spatially matched the aforementioned warming effects, except for Northeast China. This finding could be explained by our knowledge that a warm surface is good for convection.
Conversely, the grid-scale rainfall was broadly reduced, especially in the middle to lower reaches of the Yellow River. The spatial domain with decreased grid-scale rainfall was unvaried with the extension of the cropland area. However, the amplitude of the reductions increased gradually with the extensions of cropland area from 1661 to 2000. The maximum reduction in grid-scale rainfall was ∼1.0 mm/day. Meanwhile, in Northeast China, a slight increase in grid-scale rainfall was found.
The amplitude of the enhancement in total rainfall increased and the areas with the largest increase moved spatially from 1661 to 2000 (Figure 4 ). In 1661, the largest increase (∼0.8 mm/day) occurred along the Yangtze River. In 1820, the largest increase (∼1.2 mm/day) moved to the lower reach of the Yellow River. Lastly, in 2000, the largest increase (∼ 1.8 mm/day) moved northward to the Northeast China.
Effects on the Surface Energy Budget and Circulation.
To understand the changes in temperature and rainfall, we analyzed changes in the surface energy budget and atmospheric circulation. Figure 5 shows the changes in the energy budget at the surface. Clearly, in agricultural areas, the downward solar radiation increased while the reflected shortwave radiation by surface decreased. According to the aforementioned experimental design, moisture in the atmosphere is the main factor causing differences in the downward solar radiation between the simulations. The increased downward solar radiation suggests a dry atmosphere, which corresponds to the increase in rainfall. The decrease in the reflected shortwave radiation at the surface was caused by weakened albedo. The weakened albedo, on one hand, resulted from the conversion of natural vegetation to cropland, which was prescribed (see [15, 16] for details). On the other hand, it also partly resulted from increased rainfall and thus increased soil moisture because the wet soil has a lower albedo than a dry soil.
In 1661 and 1820, the areas with the largest increase (∼20 W m −2 ) of downward solar radiation occurred along the Huai River. From 1661 to 2000, the strength of the increase in downward solar radiation remained nearly constant. However, the spatial domain extended to the lower reach of the Yangtze River. The decreased upward shortwave radiation spatially matched well with the agricultural areas. In the North China Plain, the decrease was approximately −4 W m −2 . Moreover, in Northeast China, the decrease was as large as −20 W m −2 . The increase in downward solar radiation and decrease in upward shortwave radiation jointly lead to increased surface net radiation.
Increased sensible heat fluxes in the agricultural area were found. The increase was as high as 20 W m −2 . The changes in the latent heat fluxes varied geographically. Generally, in the lower reach of the Yellow River to the Yangtze River, the latent heat fluxes were slightly reduced. Furthermore, in Northeast China, the latent heat fluxes were broadly increased by as much as 20 W m −2 . The largely increased sensible heat fluxes and small decreased latent heat fluxes explain the aforementioned surface warming in the lower reaches of the Yellow River and the Yangtze River, where the conversion from woodland to cropland was dominant. This finding is consistent with results reported by Wang et al. [9] . The extensive increase in the latent heat fluxes, which is able to partly offset the increased sensible heat-induced warming, explains the slight warming in Northeast China.
The increased latent heat fluxes implicate more moisture supply from the surface to the atmosphere, which is necessary for rainfall. Therefore, this finding also explains the enhanced convective rainfall in Northeast China. Figure 6 shows the climatological wind and changes in wind for summer. From low (750 hPa) to mid levels (500 hPa) of troposphere, the northward wind is dominant across the Eastern China. This northward wind brings moisture from the southern oceans and leads to rainfall. Due to the changes in land cover, a cyclone occurred with a center in the East China Sea. Because the lower reaches of the Yellow River and the Yangtze River are located on the western side of the cyclone, there was a southward wind anomaly. Therefore, the climatological northward wind was partly offset by this southward wind anomaly. This finding implicates a weakened summer monsoon. The agricultural development-induced weakened summer monsoon had also been reported in previous studies [7, 8] . There were also studies exhibiting enhanced summer monsoon [11] , which is different from our findings. The decreased northward wind explains the decrease in grid-scale rainfall in the middle to lower reaches of the Yellow River and the Yangtze River. The formation of the cyclone also corresponded with the surface warming. The aforementioned results indicate that along the Yellow River and the Yangtze River, the changes in rainfall were closely related to the surface warming. The surface warming enhanced convective rainfall and concurrently weakened the grid-scale rainfall. In 1661 and 1820, increased convective rainfall was larger than the decrease in grid-scale rainfall. Therefore, the total rainfall increased. In 2000, the surface warming was much stronger than in 1661 and 1820 (Figure 3) . However, the convective rainfall did not increase along with the surface warming. The grid-scale rainfall decreased with the surface warming. The total rainfall was therefore detected to have a small decrease (Figure 4) . In Northeast China, the changes in total rainfall were predominantly determined by convective rainfall, which was closely related to the surface latent heat flux.
Conclusion and Discussion
This study simulated the effects of agriculture-induced land cover changes on surface air temperature and rainfall using the coupled WRF-SSiB model with historical land use data. Both warming and rainy effects were found. The warming effect was approximately 0.6 ∘ C and primarily located in the middle to lower reaches of the Yellow River and the Yangtze River, where woodland was converted into cropland. Moreover, the warming effects were weak in Northeast China, where grassland was converted into cropland. Near the Yellow River and the Yangtze River, the warming effect was mainly derived from increased surface net radiation and surface sensible heat flux. The surface warming resulted in more convection and therefore convective rainfall increased. Conversely, the grid-scale rainfall decreased because the northward wind that brings moisture to produce rainfall was partly offset by a southward wind anomaly. The southward wind anomoly was caused by western part of a cyclone that may also have been induced by the surface warming. In Northeast China where grassland was converted into cropland, the latent heat flux increased extensively. Due to increases in the latent heat flux, the surface warming was small. Moreover, the increased supply of moisture produced Advances in Meteorology 9 more convective rainfall. These findings demonstrate that in the last three centuries, the area experiencing warming and rainfall changes expanded along with the expansion of cultivated areas. Moreover, the warming effect in the cultivated areas was also strengthened.
This study confirms the idea that climatic effects of land cover changes vary with locations as noted by IPCC AR4. More importantly, this study demonstrates that during the past three centuries agricultural development may promote climate warming and the increases in convective rainfall in the Yellow River reach and the Yangtze River reach. From 1820 to 2000, tremendous agricultural development in Northeast China had little effect on temperature and lead to a potential increase in rainfall through increased latent heat fluxes. These findings are partly consistent with previous studies [7] [8] [9] . However, because this study only considered the conversion from natural vegetation to cropland, the results are different from findings in other studies [29] , which focused on the climatic effects of agricultural management, for example, irrigation. This study may suggest that humans leave footprints not only on present climate change but also on historical climate change, before the industrial revolution.
Meanwhile, there are several relevant issues. Although the WRF model generally reproduces the major characteristics of temperature and precipitation variability, it contains biases, especially with rainfall. Preliminarily, the underestimated rainfall in South China may be associated with incorrect physical parameterization schemes and largely uncertain lateral boundaries conditions. Moreover, the surface parameters in the SSiB scheme, which represents a global mean condition, may be not applicable in Eastern China. To improve the performance of the WRF model, local parameters should be used. Additionally, we presented climatological differences using the large-scale circulation from 1980 to 1990. The simulation period was determined jointly using (1) data availability, (2) a long period with large climate variability, and (3) limited computer resources. It is worthy noting that the results did not precisely represent historical conditions because the local/regional climatic effects of HLCC may vary with large-scale circulation conditions. Therefore, nesting the WRF model into global model, such as CCSM or CESM model, to diagnose climatic effects of HLCC using historical circulation conditions is a potential avenue for future research. Moreover, it is important that the vegetation parameters, including leaf area index, canopy height, and canopy albedo, rely only on vegetation type that is prescribed by the modeller. However, these vegetation parameters also vary with climate conditions, including temperature, precipitation, and radiation. These variations may have feedbacks on climate. Therefore, it might be a potential research direction to consider both human-induced changes in vegetation types and vegetation dynamics together.
